The change of electric field and of some other insulating properties during isochronal annealing in thermally poled Ge-doped silica films The secondary electron emission contrast between poled and unpoled regions in thermally poled Ge-doped silica films were measured according to different annealing temperatures and electron doses with electron acceleration energy of 5 keV. It is used for measuring the change on annealing of poling induced electric field and other insulating properties like electron traps population and conductivity in high field. Concerning the change of the contrast at low dose arising from the poling electric field, we show that this field begins to disappear at around 450°C and is erased completely at 650°C. Using a larger dose allows measuring the change in conductivity contrast. We find a stability similar to the electric field with a disappearance around 450ϳ 650°C. In glasses, due to their effective centro-symmetry, there is no second order nonlinearity. However, it has been shown that it is possible to record an electric field in the insulating material to obtain such a property, this is the poling process.
1
The induced polarizability is quadratically dependent on the pump electromagnetic wave and the induced coefficient is an effective optical second order nonlinear coefficient ͑2͒ . This one is commonly believed to arise from the symmetrybreaking recorded electric field acting on the third-order nonlinear susceptibility as follows: eff ͑2͒ =3E DC ͑3͒ . 1 Thermally poled silica glass is a material for applications in nonlinear optics and could be widely used in optoelectronics because of its excellent optical properties. Recently, Poulsen et al. 2 show a eff ͑2͒ of the order of 0.25 pm/ V. For applications like modulators, routers or switches, the amplitude of the electric field E DC recorded in the material has to be strong and stable at the place of the optical waveguides. The stability of the electric field in the poled glasses is, thus, an important factor determining the nonlinear optical properties produced during the poling process. Its investigation will offer the prospect of its enhancement through a better explanation and a deep understanding of the poling process. The distribution of electric field has been investigated by mostly optical methods. [3] [4] [5] [6] The resolution of these methods is generally around a few microns and it is not possible to directly measure the electric field close to the surface near the electrode. On the contrary, it is well-known that electron beam is the most available technique to study surfaces and it has already been used to probe the insulating properties of alumina 7 in the first micron beneath the surface by measuring the variation of the secondary electron emission yield ͑SEEY͒ on dose.
Scanning electron microscopy ͑SEM͒ observations and SEEY measurements at low dose were performed at the electron energy 5 keV in order to probe a depth of 530 nm. The principle of secondary electron emission yield measurements has been described before. 5 It was observed that the thermally poled Ge-doped silica film charges negatively ͑␦ Ͻ 1͒ for the energy of 5 keV. 8 In a previous paper, we have proven that the contrast detected in SEEY measurement of the intrinsic yield at the very beginning of electron irradiation ͑noted ␦ 0 ͒ can be used for detecting the internal electric field left by the poling in the material. 9 In this Letter, we used this method for characterizing the electric field stability in the film deposited on a silicon substrate. On the other hand, as for E Ͼ 3 keV, we have ␦ Ͻ 1, therefore, when going on with irradiation, an electron implantation induced electric field is built that leads to an increase of ␦ towards 1. 9 This increase is due to electron trapping leading to a space charge in the sample. Then, ␦ reaches a plateau, that is a steady value ͑␦ st Ͻ 1͒. The value of ␦ st is related to the electron trap depth. If ␦ st = 1, the depth is large enough to resist against a strong electric field. A departure of ␦ st from 1 indicates that some detrapping process is taking place, leading to certain conductivity. This is what we can call "conductivity in high field." Thus, we have a method for detecting any change in insulating properties due to thermal poling process and their thermal resistance.
We used Ge-doped silica films ͑1.1 m͒ on silicon prepared by plasma enhanced chemical vapor deposition ͑PECVD͒ for our investigation. compositions: 76± 1 mol % SiO 2 , 23± 1 mol % GeO 2 , 1.5± 0.5 mol % of O 2 in excess and some ppm of H 2 .
Comb shaped aluminum electrodes ͑ϳ1.2 m thick͒ were made on the glass layer through a photoresist mask. A negative voltage ranging from −30 to − 100 V was applied for 15 min at 375°C across the samples during the thermal poling and then the heating was stopped. The poling voltage was kept till the sample was cooled down to the room temperature. Then the Al electrodes were removed in concentrated H 3 PO 4 acid for 20 min at 75°C in order to measure the SEEY without a screening effect.
During the thermal poling, the process induces a strong internal electric field by separating negative and positive ionic charges. Thus, an electric field exists in the poled region and not in the unpoled one. As the SEE yield is sensitive to the internal field, it is expected to observe a contrast due to the difference of the ␦ 0 values between the two regions. At 5 keV electron energy, it was observed that ␦ 0 is smaller in the poled regions than in the unpoled ones: the average value of ␦ 0 is 0.63± 0.01 in the unpoled region and in the interval 0.40ϳ 0.54 in the poled region. These lower values of ␦ 0 are due to the poling field directed outward that prevents secondary electrons to escape. 9 Consequently, ␦ 0 in the poled region is less than that in the absence of the poling field.
It is shown that the SEEY values in the unpoled regions are always larger than those in the poled regions.
9 The difference of SEEY between unpoled and poled regions is larger with small injected doses ͑ Ͻ 10 5 pC/ cm 2 ͒ than with large doses ͑ Ͼ 10 5 pC/ cm 2 ͒. With small injected doses, the SEEY values increase in both regions but the values in the poled regions increase more quickly than those in the unpoled regions. Later the injected dose is increased until the SEEY assumes its saturated values ␦ st at large doses. From the above results, we can say that the poled and unpoled regions exhibit different charging properties. The difference of the yields in the poled and unpoled regions becomes smaller as the injected dose increases, because the built-in thermally poled electric field is erased during the electron implantation process. After that, the factor that affects the SEEY is no more the thermally poled electric field but the conductivity of the film in high electric field which is related to the depth of the electron traps and/or their numbers.
Going along with increasing annealing temperature allows us performing measurements of the thermal resistance of the insulating properties of the material before and after poling.
Secondary electron emission ͑SEE͒ images in Fig. 1 of the thermally poled Ge-doped silica films were recorded isochronously at different annealing temperatures at an electron energy of E = 5 keV with 16 pA electron current. We see that the brightness in unpoled regions is larger than in poled regions. For quantification, the secondary electron emission intensity photographs were digitized by means of an image processor. We plotted the SEEY difference between poled and unpoled regions, see Fig. 2 . The contrast in the secondary electron images between the poled and unpoled regions decreases with the increase of annealing temperature and almost disappears at Х650°C. The film is broken at 950°C.
For small injected doses, the physical origin of the contrast was the electric field inscripted inside the glass by thermal poling but for large injected doses, the contrast arises from the electrical resistivity in high field. ␦ st = 0.95 in the unpoled region and 0.84 in the poled one showing that the poling process has deteriorated the insulating properties: the residual conductivity in high field is larger after poling. 9 The SEE images collected in Fig. 3 for large dose according to the annealing temperature, show that this difference decreases to zero at 550°C.
At 550°C annealing temperature ͑Fig. 4͒ the contrast between poled and unpoled regions has almost disappeared at low and large doses ͑78 and 2064 pC͒ whereas a strong contrast still subsist at intermediate dose ͑254 pC͒. It allows FIG. 1. Series of SEE photographs taken for a very small injected dose ͑78 pC, i.e., 1.65ϫ 10 4 pC/ cm 2 ͒ when sample is isochronously annealed. The poled regions appear darker. There is a contrast at low temperature, which disappears progressively. Above 650°C, no more contrast is detectable. The one seen above this temperature is due to the detachment of the film from the silicon substrate. FIG. 2 . Plot of the variation of the SEEY difference between poled and unpoled regions vs the annealing temperature. This difference between the two regions became zero at 650°C.
